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PUV A (combination of psoralens and ultraviolet A 
radiation) is a potent inducer of melanogenesis in 
normal human skin. The molecular mechanisms un-
derlying this effect are poorly characterized. This 
study was undertaken to investigate the action of 
PUV A on melanogenesis in S91 murine melanoma 
cells and in cultured normal human melanocytes. 
Tyrosinase and DOP Achrome tautomerase (DCT) ac-
tivities as well as melanin neosynthesis were mea-
sured in PUV A-treated pigment cells. To determine 
whether a correlation exists between PUV A-induced 
melanogenesis and expression of n1.elanogenic en-
zymes, we analyzed the levels of tyrosinase, DCT, 
and tyrosinase-related protein-1 (TRP-1 or gp75) by 
western blotting in PUV A-treated cells. We demon-
strate that UV A upregulates tyrosinase activity and 
melanin content with 5-methoxypsoralen at 1 /LM. 
This phenomenon depends on the energy delivered 
during phototreatment. In both human and mouse 
cells, stimulation of melanogenesis correlated with 
O ral administration ofpsoraJen followed by sunl.ight or UV A radiation (PUV A) enhan ces human skin pigmentation (Fitzpatrick, 1989). This PUV A-induced epidermal melanin pigmentation is a more e fi:ective filter than a tan induced by UVB 
(Gschnait et ai , 1978) . In addition, PUV A indu ces re pigm entation 
of the hypo melanotic lesions of vitiligo (Nordlund and Lerner, 
1982), by stimulating proliferation and! or migration of follicular 
melanocytes (OrtolUle et ai, 1983). 
PUV A, like UW radiation, increases the number of epidermal 
L-3,4-dihydroxyphenylalanine (DOPA)-positive m elanocytes and 
induces melanin production ill ";"0 (Szabo et nl, 1982). In cultured 
Manuscript received January 14 , 1994 ; revised February 8, 1996; ac-
cepted for publication March 5, 1996. 
Reprint requests to: Valerie Mcngeaud ' and J. P. Ortonne, INSER.M 
U. 385, Faculte de Mcdccine, Av de Vnlombrose, 06107 Nice, Cedex 2, 
France. 
Abbreviations: DOPA, L-3,4-dihydroxyphellylalanine; OHICA, 5,6-di-
hydroxyindole 2-carboxylic acid; DHl, dihydroxyindole; MSH, melano-
cyte-s timulating hormone; IBMX, isobutylmcthyl-xanthinc; PBS, phos-
phate-buffered saline; 5-MOP, 5-metho,:ypsoralen; OCT, OOPAchromc 
tautomerasc; TRP-1, tyrosinase-related protein-I. 
• Current address: Institut Pierre Fabre, Ocpartement R.echerche Dcvcl-
oppement Galcnique, R.ue Jean Rostand, B.P. 687, 31319, Labege Inno-
pole, France. 
an increase of the amount of tyrosinase. In PUV A-
treated S91 cells, tyrosinase mRNA was increased, 
but no stimulation ofDCT activity occurred in these 
cells, in agreement with the unchanged amount of 
DCT protein in cell extracts. On the contrary, in 
melanocytes treated with PUV A, a decrease in DCT 
protein was observed. Finally, the amount of TRP-l 
protein was not affected by PUV A in either S91 cells 
or melanocytes. 
These results show that melanogenesis induced by 
PUV A is related to an increase in expression of 
tyrosinase. In melanocytes, melanogenesis and DCT 
are negatively correlated, which suggests that PUV A 
favors the metabolic pathway of dark-eumelanins 
with high UV -protective properties. This study also 
suggests that PUV A regulates tyrosinase, DCT, and 
TRP-l expression in a noncoordinate manner. Kel' 
words: pso,'oleu/llitraJ,iolet A/PUVAlllormallum,.otl mela1l.o-
cytes/S91 me1a,wl1Ia cells/meiallogellesis/ty,'osillase. ] Itlvest 
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human melanocytes, both PUV A and UVB radiation stimulate 
tyrosinase activity and decrease cell proliferation (Friedmann and 
Gilchrest, 1987; Kao and Y u, 1992; Aberdam e/ nl, 1993), Involve-
ment of DNA alky lation by photoactivated psoralens and genera-
tion of reactive oxygen species have been suggested as melanogenic 
effects of PUVA (Chatteljee and Cantor, 1978; Cundari and 
Averbeck, 1988; Bordin et nl, 1994), but since high-affinity binding 
sites for 8-metho:\:ypsoralen have been identified in HeLa cells 
exposed to UV lig ht (Laskin et ai, 1985), it has also been suggested 
that PUV A exerts its action through hormone-receptor interac-
tions. 
T he effect of PUV A on the enzym es regulating melanogenesis is 
not und erstood. Burchill el nl (1990) showed that the amount of 
tyrosinase, the rate-limiting enzyme of melanogenesis, is increased 
in human skin biopsies after several weeks of PUV A therapy. 
Tyrosinase, the first enzym e described to regulate melanogenesis, 
initiates m elanogenesis by catalyzing the convers ion of tyrosine to 
L-3,4-dihydroxyphenylalnnine (DOPA) a.nd then to dopaquinone. 
Synthesized as a precursor form of 55 kDa, tyrosinase undergoes 
extensive post-translation al modifications in the Golgi apparatus 
where, after glycosylatio n , it is found as a mature form of about 70 
kDa (Hearing cl nl, 1978). Recently, two other enzymes, DOPAch-
rome tautom erase (DCT) and tyrosinase-related-protein 1 (TRP-1 , 
analogous to human gp75) have also been sh ov\1l1 to regulate 
m elanogenesis. DCT catalyzes the transformation of DOPA chrome 
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to th e ca rboxylated d e riva tive 5,6-dihydroxyindole 2-carboxylic 
acid (OHlCA) (Korner and Getting, 1985; Aroca et ai, 1990a; 
Tsukamoto et ai, 1992) and regulates the ratio of OHlCA and 
dihydro,-:yindole (OHI) . Althoug h TRP-1 h as b een prove d to be 
respon sible for the produ ction of e umelanins, littl e is known about 
its catalytic function Oackson, 1988; Vijayasaradhi el ai, 1990). 
Among the activities postulated for TlUl-1 are tyrosinase with 
tyrosin e hydroxylase activity Oimenez el ai, 1991; Jimenez- Cer-
ventes et ai, 1.994), OOPAchrome tautomerase (Winder et ai, 
1993), m elanosomal ca talase (Halaban and Moellman, 1990), and 
OHICA converting factor (Kobayashi el ai, 1994). Regulation of 
tyrosinase, OCT, and TRP-1 have been studie d particularly in 
pigment cell s stimulate d by m e lanocyte-stimuJating hormone 
(MSH), chole ra toxin, or isobutyl methyl-xanthine (IBMX) and 
a fter UVB radiation (FuIJ e r e/ ai, 1987; Aroca et ai, 1993 ; Orlow e/ 
ai, 1 993; Romero el ai, 1994). Whether the regulation of these 
m e lanogenic e n zym es occurs by modulation of synthetic rate of 
prote in s o r mRNA levels is not cl early establishe d. In S91 mela-
noma cell s, MSH-, IBMX-, or UVB-indu ced melanogenesis in-
volves an inc re ase in th e synthesis of tyrosin ase (Halaban e/ ai, 1983; 
Aberdam el ai, 1993). In B16FI0 melanoma ce ll s, however, MSH 
stimulates m e lanogen esis by inc reasing tyrosinase, TRP-l , and 
OCT activities w ith no c h ange in the rate of synth es is of these 
en zymes (Kameyama el ai , 1993). Therefore, the biochemical 
processes respon sible for PUV A-induced skin tanning are poorly 
understood. T his study was d es ig ned to analyze th e modula tion of 
m e lanogenic proteins (tyrosinase, OCT, and TRP-l) in culture d 
S91 mouse m e lanoma cells and cul tured m e lanocytes a fter PUVA. 
MATEIUALS AND METHODS 
Cells and Cultures Techniques Murine melanoma cell s S91-M3 (Flow 
Laboratori es, Irvine, Scotland) , were cultured accord ing to standard procc-
dures. Human melanocytes were cultured using a modification of thc 
proccdurc of Eisinger and Marko (1982) . BrieRy, cpidcrma l ce ll suspensions 
were obta in cd from foreskins of caucasoid childrcn by ovcrnjght digestion 
in t rypsi .~/eth y l cnediamil1c terraacctic acid solution [0.05')10 /0.02% in phos-
phate-buffered saline (PBS)) at 37· C. They werc grown in MCDU 153 
medium supplemented with 5 fLg insulin pe r ml , 0 .5 fLg hydrocorti sone per 
ml , 16 nM PMA, 10 fLM forsko lin , 30 fLg of prote in 1m I of bovine pituitary 
extract [bPE; preparcd according to Wilkins cl al (1985)] and penicillinl 
streptomycin (100 IU /5 0 fLg/m l). Pure melanocyte subcultu res were 
trypsinized every 3 weeks. Second-passagc melanocytes were used for 
experiments. Viable cell numbers were dctermined by the trypan blue dye 
exclusion assay. 
PUVA Treatment The source of ultraviolet radiation was a Vilbe r 
Lourmat stimu lator (Marne la V"llcc, Francc) witll a UVA irradi, .• tion 
source (Vi lbe r Lourmat T-20.L, 365 nm , no UVU, no UVC emission). The 
energy was measured with the Vilbcr Lourmat radiometer, RMX-365/312, 
a microprocessor programmable in energy (milliJ o ules) with measurement 
of 6 irrad iations per second. 
One mg of 5-mcthoxypsoralen per ml (kindly provided by Bergaderm 
Laboratory, Rungis, France) in 70'X, ethano l was diluted in growth medium 
to the appropriate concentrations to ob tain a fina l concentration ofless than 
0.01 "I., e tl"'nol. Psoralen so lu tions and treated cell s werc protected from 
light. 
Two days befo re photo treatment of ce ll culturcs , growth mcdium was 
removed and rep laced by MCDU 153 supplemcnted with 30 fLg/ml bPE and 
1 % feta l c:Il f sc rum (basa l medium) for thc phototreatmcnt period in order 
to avoid poss ible nonspecific effects of the mitogens 12-0-tetradecanoyl-
phorbol- '13-acetate and forskolin . T hrce hours before the first irradiation, 
5-MOP (10 - 0 M) w as added to the medium :lI1d was prescnt during the 
whole phototreatmellt period. The ce ll s were irradiated in PBS to avoid 
formation of mcdium-derived toxic photoproducts induced by UV cxpo-
sure. All of the culture di shes (with the plas ti c lids) were placed into the 
UVA irradiation cham ber. Each dose was corrcctcd by a factor set given by 
thc manufacturer to takc into account the refractive index of the plastic 
cul ture dishes and the PJ3S fi lm on the cell s. Immediately after irradiation, 
the PBS was replaced with basa l medium containing 1.0 - 0 M 5-MOP. 
C ultures were irradiated dail y, and responses were measured 24 h after the 
last exposure. Unirradiated control cells were maintained in PBS at room 
temperature during the time of phototrea tlllent. S91 ce ll s wcre irradiated 
according to the same procedurc. 
THE JO URNAL OF INVESTIGATIVE DER.MATOLOGY 
DNA Synthesis Assay Immediately after PUV A irradiation, medium of 
contro l or irradiated cell s was replaced by 1. ml of basa l medium containjng 
5 fLC i / ml [llIcI"yl-' H]thymidine. After 24 h of incubation, cells were washed 
three times with PBS, and 5% cold trichloroacetic acid was added for 10 min 
at 4°C . Cell s were then washed twice with 90% ethano l and lysed in 0.1 N 
NaOH. R adioactivity was counted by liquid scintillation and norm:.lized to 
the amount of protein as determined by the method o f Lowry cl al (1951) . 
The ce ll numbers were determined by the trypan blue dye exclusion assay 
in parallel. 
Melanogenic Activity Assays and Melanin Synthesis T hc tyrosine 
hydroA"lase activity of tyrosinase (O-diphenyl: O 2 oxidoreductase, EC 
1.10.3.1) in li ving cell s was estimated from the amount of ' H 20 released 
into thc mcdium in 24 h based on the conversion of L-3' ,5' -[' H]tyrosine to 
DOPA according to an adaptation of Lotan and Lo tan (1980) of the methods 
of Pomerantz (1966) and Oikawa cl al (1972). Immediately aftcr thc last 
irradiation, 1 X 10" cpm/ ml of ['l-l]tyrosinc were add cd to the mediulll . 
Twenty-fouTs ho u rs la ter, tritiated water rel ease in the nlcdiulTl was 
mc:.sured by liquid scintillation counting. All data were corrected by 
subtracting thc amount Of'1-l20 formcd spontancously fi'om L-['H]tyros inc 
in growth medium without ce ll s during 24 h. R esults were normalized to 
cell number for each de termination in triplicate. 
DOPAchrol11c tautonlerasc ac tivity assay was pcrfornled accord ing to 
Aroca cl al (1 990b). One lnut of OCT was defined as the amount o f enzyme 
that cata lyzes the transformation of 1 fLmo l of DOPAchrome per min at 
30· C as measured by spectrophotometry at 308 nm. Each determination was 
done in tripl.i cate. 
N ewly synthcs ized mela.uns wcre de termined after the last irradiation of 
the phototre"tmcnt as desc ribed by Hearing and Ekel (1976). 3T3 fibro-
blasts were used as negative control. Results were normaljzed to the cell 
nun,bcr for each assay , and dctcrnlinations were Illude in triplicate. 
Expression of Melanogenic Proteins Fo r immunoblot analysis, cells 
wcre scraped fi'om the di sh and homogenized in 1% Triton Xl OO/phosphate 
buffer (0.1 M, pH 7.2) containing 1 mM phenylmethylsu lfonyl RUOl'ide , 10 
fLg/m l aprotinin, and 50 mM NaF. 50 fLg o f the rcsulting sample proteins as 
detcrmined by the method of Lo wry cl " I (1.951) werc scparated under 
reducing condition(s) by sodium dodccyl sulfate-polyacrylamide gel elec-
trophoresis (7.5% "crylamide) (Lacmmli . 1970) and elec troblottcd (Towbin 
el ai, 1979). The immunorcactio llS were pe rformed with antibodies directcd 
aga inst DOPAchrome tautomcrasc (PEP8) (Tsukamoto ct ",. 1992), T IU>-l 
(PEP1) Uimcnez el ai, 1991) (gifts of Dr. Hcaring), and tyrosinase (specific 
antise rum kindly providcd by Dr. Bouchard) (Bouchard cl nl , 1994). 
Total ccllular RNAs were purified using the single stcp isolation method 
described by C homczynski and Sacchj (1 987). For northe rn blot analysis. 
total RNA (70 fLg) was fi'ac tionatcd on a 1% agarose gel and transferred to 
Nytran nylon fi lters as described by Maniatis cl " I ("1 982). A cDNA probe 
against human tyrosinasc, pIU-10HT2 (Taked:. cl "I, 1989) , was gcnero usly 
provided by Dr. Shibahara (Tohoku Univcrs ity School of Medicine, Scndai, 
Japan). 
RESULTS 
PUVA Enhances Melanogenesis in S91 and NHM Cells To 
d etermine 5-MOP conce ntration and UV A doses by whi c h mela-
n ogene sis is maximally stimulated with min.imal cytotoxic efFect, 
w e exposed S91 cell s over periods rangin g from 1 to 10 d to 
5-MOP con centrations ranging fi'om 10- . 0 M to 10- 5 M and to 
dail y UVA irradiation (0.1 to 2 jlcm2 ) . Maximal stimulation of 
tyros in ase ac tivity with minimal toxicity (less than 20'1.. of cells 
death) occurred after 6 daiJ y irrad iations of 0.1 jlc m 2 in the 
presen ce of 10 - 6 M 5-MOP. A t im e-dependent increase of tyrosi-
nase activity was observed after a la g phase of 2 d (Fig 1A). After 
6 irradiations, a lO-fold stimulation of tyrosinase ac tivity and a 
similar in crease in melanin conte nt was found (data not sh own) . 
T his effect was n ot observed when S91 cells w e re tre ated with 
either UVA or 5-MOP (10 - r. M) a lone. Determination of the 
numbe r of cell per dish after PUV A treatment sh owed a 75'Yo 
d ecrease in cell numbe r afte r the 6th irradiation as compare d to 
untrcate d control c ultures (Fig IB) . 
In addition to tyrosinase activity, we also examine d the efFect of 
PUV A on S91 OCT, a distal e n zym e in m e lanoge nic pathway . 
OCT activi ty was measured 24 h after the 6th irradiation ofPUVA 
treatment and showed no c hanges in basal activity (Table I). 
Melanoc ytes w e re then exa mined for their capacity to respond to 
PUV A treatment ;11 11;/1'0. PUVA parameters established for S91 
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Figure 1. PUV A treatment enhances tyrosinase a c tivity in 591 
melanoma cells. A. tyrosinase activity was measured ;11 s;tll 24 h afte r 
irradiation at 0. 1 J /cm 2 UVA-S-MO P (10- (' M) , as described under 
Materials a",1 Methods. B , cell number per di sh. D, Contro l; O . PUV A-
t reated ce ll s; e, UVA alone; ., S-MO P 10- 6 M. Each value represen ts the 
m ean ± SEM of fi ve experiments. R.csults are expressed in cpm / 10" 
ce/J sl24 h . Dasa l acti vity of tyrosinase ill Jilll : 0 .75 ± 0.05 f.LU / l11g protein. 
celis, i.e ., 0 .1 jlcm2 UV A, 10- 6 M S-MOP, and 6 irradiations, 
were used as a basis fo r the treatment. In melanocytes, PUV A 
induced a 1 .S- fo ld increase in tyrosinase activity in contrast to the 
l O- fo ld increase o bserved in S9 1 melanom a cells (F ig 2A ). Beca use 
this resul t W ,IS found consistently with m elan ocytes £i'om ten 
cau casoid donors, we th en tested increasing doses o f UV A rang ing 
from 0.1 to 0 .8 j /cm 2 at the sam e concentration of S-MOP (1 0- 6 
M) . Under th ese conditions, and afte r 6 d of PUV A treatment, a 
UV A dose-dependent increase in ty rosinase activity w as observed 
(Fig 2A ). At the higher dose o f U VA (0.8 jlcm 2 UV A- 5-MO P, 
10- 6 M , 6 d) tyrosinase activ ity show ed a 3-fo ld increase and a 
correlati ve in crease in melanin synth esis (Fig 2B). T lus in crease 
was associated , after 6 d ofPUV A trea tm ent, with a decrease in th e 
number of melanocytes per dish o f 25- 40% in propo rtion to th e 
UV A dose delivered (Fig 2C) . 
Table I. DCT Activity After 6 d of PUV A Treatment" on 
S91 Mouse Melanoma Cells 
ontrol 
S-MO P (1 0 · " M) 
UVA (0.6 J /cm 2 ) 
PUVA 
DCT Activity" 
(I1l U / mg protein) 
11 .6 ± 1.7 
13 ± 1.0 
12.6 ± 1.3 
11 ± 1.1 
" Ce lls were treated by PU VA (0 .1 J /CIII2 UV A. 5-MOP 10- (' M) . S-MOI' 10 - (' M. 
and UVA 0. 1 Jlcm2 • fo r 6 days. 
IJ Twenty-four ho urs after the 1.!st j rr;ldi:l ti o ll . th e cells were harvested and solu bi-
lized. and 200 J..I..S of procci ll s was tested fo r DeT activilY. as dcscl'ibcd in Nlntcn'nls IIIU/ 
t\lldl/Ods . DCT ;Ic ti v it)' is ex pressed as IIIU / m g prote in . Each datn point is the IIl Cr\ l1 :t 
SEM of three dctcfl1liJwtio IJ .... 
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Figurc 2 . PUVA-s timula t c d m cla nogcnic activity in hum" n mela -
nocytcs . T he cells received daily va rio us doses of UV A (0 .1 ; 0.4 ; 0.6; 0.8 
j /cm 2 UVA ill presence of S- MOP 10. 6 M) fo r 6 d. Experiments were 
perfo rmed 24 h after the last irradiation . A, tyrosinase activity determined as 
in Materia ls alld M ethods is expressed in cpm/10" cells/24 h . Basal tyrosinase 
activity of melanocytes was 2.62 ± 0.76 f.LU / mg protein . B, r '4C)DOPA 
incorpora tion in to melanins is expressed in cpm/ l06 cells/24 h. Basal 
[" 'C]DOPA activity of mclanocytes was 159.4 ± 30.1 nmol/ mg protein. C, 
ceU number per d ish. D, UVA alo lle; e . UVA and S- MOP (10 · " M). Dar" 
show mean ± SD fro m 10 cul tures of Caucasoid donors. 
Because a UVA dose of 0.6 j /cm 2 was less toxic than a dose of 
0.8 j /cm 2 , tyrosinase activity was m easured after each dai ly irradi-
ation at 0.6 j1cm 2 w ith 10 · /; M 5-MOP. Like S91 celi s, melano-
cytes showed a time-dependent PUVA stimulation of tyrosinase 
activity afte r 2-d lag (Fig 3A ); UVA or 5- MOP alone had no effect 
on melanogen esis. 
As noted above, PUVA also decreased m elanocyte nu m ber per 
dish . To de termine whether tlus effect was due to cell detachment 
o r to inhi bi tio n of pro li feration , incorpo ration of [3H ]thymidine 
was assessed after each irradiation ofO.6j/cm 2 UVA with 10 . 6 M 
5-MOP. A decl'ease of 50% of th e eH]thymid ine incorporation was 
fo und after the sixth irradiation , bu t, th e cell number d id not 
change. T hese results showed that PU VA inhibi ted melanocyte 
proli feration (Fig 3B) . 
Expression of Melanogenic Enzyme s in PUV A-T r eated S91 
Cells a nd M el anocy tes Cells were irradiated for 6 d with 0.1 
j /cm 2 UV A o r 0 .6 j1cm 2 UVA for S9 1 cells o r melanocytes, 
respectively, in the presence of 5-M OP (10 - 6 M). T his treatm ent 
produced th e max;mal stimulation of tyros inase activ ity in both 
types of cells. 
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F igure 3. Effect of daily PtJvA treatment 011 tyrosinase actIvIty 
and [JH]thymidine uptake in melanocytes . Melanocytes were in·adi-
ated daily with UVA 0.6 Jlcm 2 in the presence of S-MOP 10- 6 M. 
Immediately after each pUVA treatment, l'H]th ymidine was added in the 
medium for 24 h. A , tyrosinase activity determined as in Materials (///(1 
Methods was expressed as percent of contro l (cpm / l06 ce ll s124 h). Basa l 
tyrosinase activity of melanocytes was 2.62 :±: 0.76 J.LU / mg protein . B, 
[JH]thymidine incorporation into DNA . Immediately afcc r each pUVA 
treatment, ['H]thymidine was added in to the medium for 24 h, as described 
under Materials alld MetllOds. R.esults were expressed as percentage of control 
(cpm/ mg protein). A, S-MO P ('10 - " M) alone; 0 , UVA alone; ., 
PUVA-treated ce ll s. Each value represents mean of:±: SEM of five dilfereJlt 
experiments. Basal activity was determined each day and dilferell ces did not 
exceed '10%, 
In S9 1 cells, immuno blottin g an alyses sh owed that PUVA in-
duced a specific in crease in the intensity of a protein of 69 -70 kDa, 
w hich corresponds to tyrosinase; S-MOP or UV A alone were n ot 
e ffective (Fig 4A). To determine w heth er this in crease in the 
amoun t of tyrosin ase protein after PUV A correlated with enhanced 
tyros in ase gen e expression, the steady-state tyrosinase mRNA leve l 
ill control and PUVA-tr'eated ceUs was d etermin ed. Northe rn 
ana lysis showed that PUV A induced a substantial increase in 
tyrosillase mRNA (Fig 4B) . T h erefore, in PUV A-treated S91 
melanoma ceUs, the e nhancem ent of tyrosinase ac tivi ty correlated 
with th e increase in tyrosinase synthesis. O n th e oth er hand , in 
PUV A-treated melanocytes, although the am o unt of tyrosinase was 
increased, the re lated mRNA did not increase (Fig 4A,B) . 
C hanges in th e am o un t of intracellul ar DCT were not appare nt 
in PUYA-treated S91 ceUs, but a decrease in DCT prote in was 
o bserved in PUV A-trea ted m e lan ocytes (Fig 5). In both S91 cells 
and melanocytes, TRP-1 protein express ion was simil ar ill contro l, 
UV A, 5-M OP (10 - 0 M) , or PUYA-treated cultures, indicating t hat 
the expression of TRP~ 1 is not m o dulated by PUY A (Fig 5) . 
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F igure 4. Expression of tyrosinase after PUVA treatment of S91 
cells and normal melanocytes . Cells were treated with S-MO P (10 - 6 
M) and inadiated daily for 6 d with either 0.1 J/c m2 UVA (S9 '1 ce lls) or 0.6 
J/cm2 UVA (melanocytes). Cell extracts were recovered 24 h afte r the last 
irradiation by scrapping the dishes, Immunoblot analyses 11) 20 J.Lg of 
pro tein extract was reacted with human anti-tyrosinase antibody (Bouchard 
et ai, 1994) as described in Materials m,d Met/r ods. Northern blo t analyses B) 
tota l mR.NAs (70 J.Lg) were probed with 32P-labeled cDNA fo r human 
tyrosinase (p lU-I O HT2) before subsequent hybridization of the same blot 
w ith 111 0 ll SC or hunlan GAPD H. as a contro l. Lalle I, untreated; lalle 2. 
S-MOp (10 - 6 M); lalle J, UVA; larr e 4, PUVA. 
DISCUSSION 
T his study d e m o n strates that PUY A treatment of c ulture d melano-
cytes e nh ances melanin synthes is by a direct action o n m elanocytes 
and a lso regulates tyrosinase and DCT expressio n . Indee d , the 
PUY A-induced m e lan ogenesis in S91 cell s and in m e lanocytes is 
re lated to in creased tyrosinase synthes is. Conve rsely, in m e lano-
A 
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B 2 3 4 
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F igure 5. DCT and TRP-l in PUVA-treated S91 melanoma cells 
and melanocytes. Cells were treated with S-MOP (10- (' M) and irradi-
ated dail y for (j d w ith either 0.'1 J/cm2 UVA (S91 cell s) Or 0.6 J/c 11l 2 UVA 
(melanocytes). Cell extracts were recovered 2'1 h aftcr the last irradiation by 
scrapping the di shes. Fifty micrograms of protein extract was iml11unoblot-
ted with (A) anti-DCT antibody (PEP8) or (B) anti-TRPl antibody (PEP1) 
as described under Materia ls ami Metlrods. Lalle ./, untreated; larre 2. S-MOP 
(10 - 6 M) ; lalle 3, UVA; larre 4, PUVA . 
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c ytes but not in S91 , OCT protein expression is substantially 
decreased by PUVA. Finally, Tl~-l expressio n is not m od ifi ed in 
e ither cell type. 
As ha s been described for UVB (Abe rdam cl ai, 1993 ) , PUVA 
inhibited prolife ration of cu ltured melanocytes . T IllS result, in view 
of the incl'ease in the number of epid ermalmelanocytes observed ;11 
11 ;110 with PUVA (Zaynoun cl ai, 1977; B10g and Sza bo, 1979; 
Zelickson el ai, 1979) , suggests that f.1cto rs extel'llal to m elanocytes 
may mediate this effect. Indeed, 11 0 nirrad iated and UV-irradiated 
keratinocytes in culture release growth facto rs such as basic fibro-
blast growth fa ctor (Halaban el ai, 1988) and cndothc lins (Yada el 
aI, 1991) , which are known to stimulate me lanocyte proliferation. 
T he refore, the possibility exists that ;11 11 ;110 UV irradiation of 
e pide rmal keratinocytes induces a similar effect, resulting subse-
quently in melanocyte proliferation (Jmokawa and Motegi, 1993; 
Archambault and Gilchrest, 1995) . T hu s, the Inck of UV-induced 
proliferation of melanocyte ill lIilm may be the result of the absence 
of keratinocytes in the culture. 
It is well established that cuJtured melanocytes isolated from their 
natural environment respond to UVB irradiation by in creasing 
melanin produc tion (Fri cd m an n and Gilchres t, 1987; Aberdam cl ai, 
1993). Here, we report that PUV A treatment enhan ces melanin 
synthesis by a synergistic e ffect of psoralen andUV A. O ur model 
sys tem is based o n repeated dail y UVA irradiatio n of m elanocytes 
and S91 cells. A significant UV A dose-dependen t increase in 
tyros ina se activity and m elanin synthesis occur afte r 6 d of PUVA 
treatment. Compared to S91, melanocytes require higher doses of 
UV A irradiation to stimulate m elanogenesis, and the in crease in 
their tyrosinase activity remains proportionally lower. A similar 
relative refr,lctorin ess of m eJanocytes has also been observed after 
UVB stimulation (Friedmann and G ilchrest, 1987) and m ay result 
from a hig her basal tyrosinase activity in m elanocytes, m aking these 
cells less sensitive to PUV A than S91 cells. Diff:erel1ces in regulatory 
mechanisms be tween the two ceU types may also account for this 
observation . Pre vious studies of ;11 1I ;lm PUVA treatment with a 
single low dose of UVA (ran gin g fro m 31 to 124 mJ /cm 2 ) in 
cultured m elanocytes grown in th e presence of mitogens and 
melanogenic inducers (CT, IBMX) (Kao and Yu , 1992) , showed a 
moderate but non-UVA-dependen t increase in tyrosinase activity. 
T he absence of melanogenic inducers and m e lanocyte mitogens in 
our culture system during PUV A treatment m ay account for the 
fact that higher UV A doses and repeated daily irradiation we re 
required to obtain a significant stimulation of m elanogenesis. 
Several hypotheses have been put forward to understand the 
sp ecifi c tyrosinase-rela ted m echanism s responsibl e for the stimula-
tion of m elanogenesis: (i) an increase ill the rate of de 110110 synthesis 
of the enzyme (Halaban el ai , 1984; B urchill el ai, 1988; Burchill el 
ai, 1989); (ii) activatio n of immature pre-existing enzyme (Wong 
and Pawelek, 1975; FuUer el ai, 1987) and lor (iii) the removal of a 
tyrosinase inhibitor (Halaban el ai, 1983) . O ur results show that in 
PUV A-treated S91 melanoma cells, these m echanisms are not 
mutually e xclusive. Indeed, analysis of tyrosinase mRNA and 
protein 24 h after the last PUVA irmdiation revea led an increase of 
the de ilOIlO syn thesis of tyrosinase . Furthermore, th e fact that 
tyrosinase activity increased afte r PUVA treatment, proportionally 
more (10-fold) than the total amount of the enzym e (2-3-fold) 
indicates that, in S91 cells, activation of a pool of pre-existing 
tyrosinase or rem oval of a melanogenic inhibitor m ay account for 
the enhanced tyrosinase activity. III melanocytes, the increase in th e 
amount of tyrosinase was not associated with any detectable 
increase in the corresponding mRNA level. An explanation for tlus 
apparent discrepan cy may be til e instabi li ty of tyrosinase mRNA . 
A lso, an increase in tyrosinase mRNA may occur early after PUV A 
treatment, but, beca use of rapid turnover of the tran script, may no 
lo nger be detectable 24 h later when o ur analysis W,IS performed. 
To unravel these hypoth eses, further studies such as de termination 
of mRNA stabi.lity are required . Finally, the finding of an increased 
amount of tyros inase in PUV A-treated m elanocytes is in agreem ent 
with previous studies, w hich dem onstrated that PUV A therapy 
increases the amount of tyrosina se in human skin (Burc1ull c( ai, 
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1990) . Our results show sp ecifically that PUVA, like UVB irradi-
ation (Aberdam el ai, 1993) or other m elanogenic inducers such as 
MSH o r IBMX (BurchiJl e( aI, 1988; Hoganson e/ aI, 1989), 
in volves, at least in part, in creased de 11 0110 synthesis of tyrosinase to 
enh ance m elanogenesis in S91 cells and m elanocytes. 
R ecent advan ces in the fi eld of m elanogenesis have sh own that, 
in addition to tyrosinase, TRP-1 and D CT are involved U1 tl1e 
biosynthesis of m elanin . Altho ugh TRP-1 was the fIrst m ember of 
the tyrosinase fa mily to be cloned , its ca talyti c fun ction rem ains 
elu sive and controversial. Tn tlus study, we examined its expression 
after 6 d of PUV A treatment and did not observe any variation in 
the am o un t ofTI~-1 in me hmocytes or 591 cells. This finding is in 
keepin g w ith the observation that UVB irradiation does not 
modulate Tl~-1. expression (Abdel-M alek el ai, 1994) in cultured 
m elanocytes. On the contrary, a correlation b etween TRP-1 
expression and m elanin synthesis was found (Orlow cl ai, 1993) in 
melanoma cells (B16F10 , S91) stimul ated by a-MSH. Interestingly, 
we found that PUV A treatm en t m arkedly decreased tile amount of 
DCT Ul m elanocytes, but in S91 cell s, the level of this protein was 
not m odifi ed by PUV A . 
A survey of repol'ts shows that regulation of DCT has been 
studi ed in detail after cx-MSH stimulation, but the results are 
conflicting. It ha s been demonstrated both that MSH Ulcreases 
D CT activity ofB16Fl 0 and S91 m elanoma cells with no change in 
the syn the tic rate of the enzym e (Orlow el ai, 1990; Kameyama el 
ai, 1993) and that MSH decreases DCT activity (Martinez-Liarte e( 
ai, 1993) . In normal ceUs, recen t reports claimed dlat a decrease of 
DCT protein occurred in m elan ocytes afte r UVB irradiation (Ro-
mero el ai, 1.994). Taken together, o ur findings support a negative 
corre lation between DCT expression and m elanogenic activity Ul 
pigment cells. The reduced expression of DCT by PUV A is also Ul 
agreement w ith this hypothesi s, suggesting that, during m etabolic 
stresses such as UV irradiation or prolonged hormo nal or phamn-
cologic treatment, the e umelanogenic pathway is preferentially 
stim ulated, lea ding to increased synthesis of dark mehmins. Indeed, 
a redu ction Ul DCT would result in a decreased tau tomeriza tion of 
DOPA chrome UltO DHICA. H ence, DOPAchwme would be 
spontaneously converted in to DHI, which is involved in the 
formation of dark melanin polymers, the more photopro tective 
o nes (Aroca et ai, 1992). N evertheless , to confiml tlus hypothesis, 
complementary studies an alyzing the chemical structure of m ela-
nins produced il 1 PUV A- treated pigment cells are needed. 
Taken togeth er, these results show that, Ul m elanocytes as well as 
in murine me lano ma cells, the regulation of PUV A-induced m ela-
nogenesis is directly re lated to an increase of tyrosinase synthesis. 
They also support the idea that DCT regulation after PUV A 
trea tmen t differs accordulg to the cell type. In melanocytes, the 
DCT protein is down-regulated after PUV A, whereas Ul neoplasti~ 
S91 cells such regulation is apparently lost. On the other hand , 
TRP-l expression is n ot reguiated by PUV A treatment in bo tll 
m e lanocytes and S91 cell s. These findings demonstrate that a 
coordinated regulation of syn th etic rates of tyrosinase, DCT, and 
TIU)-1 observed ul vario us pig me n ted cell lines (B16FI O, JB / MS) 
(Kam eyama ef ai, 1. 993 ) does not occur after PUVA. In this 
situation , the three enzym es are regulated indep endently in S91 
cells as well as in m elan ocytes. 
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